BACKGROUND AND PURPOSE: Axial loaded MR imaging, which can simulate the spinal canal of patients in a standing position, demonstrates a significant reduction of the DCSA compared with conventional MR imaging and provides valuable imaging findings in the assessment of the lumbar spinal canal. The purpose of this study was to compare the DCSA on axial loaded MR imaging between patients with DS and SpS.
BACKGROUND AND PURPOSE: Axial loaded MR imaging, which can simulate the spinal canal of patients in a standing position, demonstrates a significant reduction of the DCSA compared with conventional MR imaging and provides valuable imaging findings in the assessment of the lumbar spinal canal. The purpose of this study was to compare the DCSA on axial loaded MR imaging between patients with DS and SpS.
MATERIALS AND METHODS:
Eighty-eight consecutive patients were divided into DS and SpS groups. DCSA on conventional MR imaging and axial loaded MR imaging and changes in the DCSA induced by axial loading were compared between DS and SpS groups. The prevalence of a significant change (Ͼ15 mm 2 ) in the DCSA was compared between the 2 groups.
RESULTS:
Axial loaded MR imaging demonstrated significantly smaller DCSA in the DS group (35 Ϯ 22 mm 2 ) than in the SpS group (50 Ϯ 31 mm 2 ), though conventional MR imaging did not show any differences between the 2 groups. The change in the DCSA induced by axial loading was significantly larger in the DS group (17 Ϯ 12 mm 2 ) compared with the SpS group (8 Ϯ 8 mm 2 ). The prevalence of a Ͼ15-mm 2 change in the DCSA was significantly higher in the DS group (62.5%) than in the SpS group (16.7%) (odds ratio, 8.33; 95% confidence interval, 3.09 -22.50).
CONCLUSIONS:
Axial loaded MR imaging demonstrated significantly larger changes in the DCSA in patients with DS compared those with SpS. A significant change in the DCSA was more frequently observed in patients with DS. Axial loaded MR imaging may therefore be a more useful tool to decrease the risk of underestimating the spinal canal narrowing in patients with DS than in those with SpS.
ABBREVIATIONS: DCSA ϭ dural sac cross-sectional area; DS ϭ degenerative spondylolisthesis; SpS ϭ spinal stenosis M R imaging is a noninvasive diagnostic tool and has been widely used for evaluating the narrowing of the lumbar spinal canal. To evaluate the severity of spinal canal narrowing, the DCSA is frequently measured by using axial MR imaging. [1] [2] [3] [4] [5] [6] The widely accepted radiologic cutoffs are Ͻ75 mm 2 in the DCSA for absolute stenosis, Ͻ100 mm 2 for relative stenosis, and Ͻ130 mm 2 for early stenosis. 2, 4, 7, 8 However, conventional MR imaging is performed with patients in the supine position. In this position, the DCSA can be larger than that in the standing position. 3, 4, 9 Hence, conventional MR imaging has a risk of underestimating the severity of the spinal canal narrowing. 3, [9] [10] [11] This disadvantage of conventional MR imaging creates difficulties in making an accurate diagnosis and determining the precise indications for surgery, even for neurosurgeons. 10, 12, 13 Recently, a device for axial loading of the lumbar spine with the patients in the supine position during MR imaging has been developed. 3, 4 With the compression device, a physiologically normal weight-bearing condition in the upright position can be simulated in a supine position. The use of the device can cause a significant reduction in the DCSA and provide valuable information that conventional MR imaging cannot. 3, 4, 6, 10 DCSA on axial loaded MR imaging has been reported to correlate significantly with the severity of clinical symptoms in patients with spinal canal narrowing. 11 Furthermore, previous studies have demonstrated the Ͼ15-mm 2 decrease in the DCSA induced by axial loading to be a significant change, which increased the diagnostic specificity of spinal canal narrowing and influenced the indications for surgical treatment. 4, 10, 12, 13 Even if the reduction of the DCSA caused by axial loading is not significant, axial loaded MR imaging may still clarify important imaging findings, such as compression of the nerve root in the narrow lateral recess and in the foraminal stenosis. 10 Therefore, evaluation of spinal canal narrowing in axial loaded MR imaging should be beneficial to achieve a more accurate diagnosis and to also select the optimal treatment. DS and SpS of the lumbar spine were originally described as separate pathoanatomic entities, 14, 15 though both cause narrowing of the spinal canal that induces compression of the nerve roots and cauda equina. Not only SpS but also DS commonly causes neurogenic claudication and leg pain and/or numbness that is exacerbated during walking or being in the upright position. 14, 16 According to their similarities, DS is likely to be recognized as a subtype of SpS and classified as a subgroup among other degenerative causes of stenosis. 17 Several studies have investigated the differences in the clinical symptoms and outcomes of treatment between patients with SpS and DS. [18] [19] [20] However, many other investigators have traditionally combined patients with DS and SpS in clinical studies, despite the fact that patients with DS and SpS may undergo different treatments. [21] [22] [23] [24] [25] [26] There is still a lack of consensus in regard to whether patients with DS and SpS actually differ clinically. 18 To date, there have been many studies to investigate the DCSA on MR imaging or CT during axial loading in patients with SpS. 3, 6, [11] [12] [13] 27, 28 On the other hand, only 1 study analyzed the DCSA during axial loading in patients with DS. 29 This previous study suggested that the DCSA could be significantly decreased by axial loading in patients with DS. However, there has, so far, been no study to compare the changes in the DCSA on axial loaded MR imaging between patients with DS and SpS.
The purpose of this study was to compare the dynamic changes in the DCSA on axial loaded MR imaging between patients with DS and SpS. We compared the DCSA obtained by conventional MR imaging and axial loaded MR imaging and changes in the DCSA induced by axial loading between patients with DS and SpS. In addition, the prevalence of a significant change in the DCSA (Ͼ15 mm 2 ) was also compared between the 2 patient groups.
Materials and Methods

Patients
This study included 88 consecutive patients (34 women and 54 men) who were referred to our institution for surgical treatment between October 2007 and September 2009. All patients had neurogenic intermittent claudication and leg pain or numbness with associated neurologic signs 14 and had radiographically confirmed lumbar spinal canal narrowing on cross-sectional imaging. In all of the patients, the neurologic diagnosis, such as lumbar radiculopathy and/or cauda equina syndrome, 30, 31 was confirmed by Ͼ1 spine surgeon on the basis of clinical symptoms, neurologic examinations, and imaging studies including plain radiography, CT, and MR imaging of the lumbar spine. The exclusion criteria were prior lumbar spine surgery, spondylolysis, spinal anomalies, severe osteoporosis, polyneuropathy, and arterial insufficiency. The institutional review board of our institution approved this study. Informed consent was obtained from all patients before their participation in the study. At the time of the initial evaluation, the baseline characteristics such as the patient's age, sex, height, body weight, body mass index, and duration of symptoms were registered for each patient.
Conventional MR Imaging and Axial Loaded MR Imaging
The MR imaging was performed by using a 1.5T system (Magnetom Vision; Siemens, Erlangen, Germany) with a spine array coil. Axial T2-weighted turbo spin-echo sequences were performed. The TR/TE was 4000/120 ms. The section thickness was 4 mm, and the FOV was 200 mm. The images were obtained at the middle of each intervertebral disk from L2/3 to L5/S1. The sections were placed as parallel as possible to the intervertebral disks. After the conventional MR imaging, axial loading was applied by using an external commercially available nonmagnetic compression device, L-Spine (DynaWell Diagnostics, Las Vegas, Nevada). 3, 4 The compression force was approximately 50% of the patient's body weight, and the loading was commenced 5 minutes before and was continued during the MR imaging examination. A new scout image was obtained in the axially loaded position, and the sections were again placed in the plane of each disk. Both the axial loaded and nonloaded MR images were obtained with straight knees to simulate a normal upright position. 9, 27 To prevent flexion of the spine during axial loading, a cushion was placed behind the lumbar spine.
9,32
Measurement of DCSA
All measurements were performed by using the OsiriX Imaging Software program, version 2.7 (www.osirix-viewer.com). The DCSA was measured from L2/3 to L5/S1 on the axial image (Fig 1) . The measurement was performed 3 times, and the mean value was calculated and used for the analysis in this study. Each of the 3 measurements was performed at intervals of Ͼ1 week. The measurements were performed by an experienced spine surgeon authorized by the Japanese Orthopaedic Association. In the measurements, the experimenter was blinded to which images were loaded or unloaded. Using unloaded and loaded images of a total of 40 intervertebral levels taken from 10 randomly selected patients in the present study, we confirmed the intraobserver and interobserver reliability for the measurement of the DCSA to be excellent (Pearson r ϭ 0.96 and 0.97, respectively; P Ͻ .001). Intraobserver reliability for the measurement of the DCSA was also confirmed to be excellent in our previous study. 11 On the basis of previous studies, 1,9,11 the DCSA at the most constricted intervertebral level was used to represent the degree of the spinal canal narrowing for each subject. The most constricted intervertebral level that presented the smallest DCSA on conventional MR imaging was selected in each subject for data analyses in this study.
Radiologic Assessment for Patients with DS
On the neutral standing lateral radiograph of the lumbar spine, the degree of spondylolisthesis was measured at the most constricted intervertebral level as described above. The amount of spondylolisthesis was measured by using the method described by White and Panjabi. 33 All of the radiographs were obtained with a 150-cm tube-to-film distance. The central radiograph beam was focused on the most constricted intervertebral level. For the comparative analysis in this study, the patients with Ն3-mm spondylolisthesis [34] [35] [36] [37] were assigned to the DS group, while the other patients were assigned to the SpS group.
Data Analysis
The baseline characteristics, such as the patient's age, sex, height, body weight, body mass index, the duration of symptoms, presence of low back pain, and the most constricted intervertebral level, were statistically compared between the DS and the SpS groups. The Pearson correlation coefficient of the DCSA between the conventional MR imaging and the axial loaded MR imaging was calculated for each group. The differences in the DCSA between the conventional MR imaging and axial loaded MR imaging were also assessed by means of a Bland-Altman plot. 38, 39 The DCSA in the con-ventional MR imaging and the axial loaded MR imaging was compared between the 2 groups. In addition, the changes in the DCSA between the conventional and the axial loaded MR imaging were calculated and then compared between the DS and the SpS groups. On the basis of previous studies, a Ͼ15-mm 2 reduction in the DCSA induced by axial loading was defined as a significant change. 3, 4, 10, 13 The prevalence of a Ͼ15-mm 2 change in the DCSA was investigated and statistically compared between the 2 groups. Additionally, the odds ratio for a Ͼ15 mm 2 change in the DCSA was calculated. Between patients with a Ͼ15-and a Յ15-mm 2 change in the DCSA, the DCSA determined by conventional MR imaging and axial loaded MR imaging was compared in each group.
Statistical Methods
All statistical analyses were performed by using the GraphPad Prism, Version 4.0c, software program (GraphPad Software, San Diego, California). The differences in baseline characteristics between groups were tested for statistical significance by using the unpaired t test or the 2 test. The differences in the DCSA were analyzed by using the unpaired t test. Pearson correlation coefficients for the DCSA between the conventional MR imaging and axial loaded MR imaging were determined. The prevalence of a Ͼ15 mm 2 change was compared by using the 2 test. P Ͻ .05 was considered to be a statistically significant difference.
Results
Baseline Characteristics
Eighty-eight consecutive patients were divided into 48 patients (33 women and 15 men) in the SpS group and 40 patients (21 women and 19 men) in the DS group for the comparative analysis in this study. The baseline characteristics and the most constricted intervertebral level in each group are summarized in Table 1 . There were no significant differences in any of these parameters between the DS and the SpS groups.
The values of the DCSA at the most constricted level measured 3 times for all patients are summarized in Table 2 .
Comparison of DCSA in Conventional and Axial Loaded MR Imaging and Changes in the DCSA
The values of the DCSA in the conventional MR imaging and the axial loaded MR imaging for each patient are shown in Fig a There are no statistically significant differences in any parameters between 2 groups. b Values are mean Ϯ SD.
Fig 1. The measurement of DCSA on conventional MR imaging and axial loaded MR imaging in representative patients with SpS (A and C) and DS (B and D).
The white lines indicate the outlines of the DCSA. In the first patient with SpS, the DCSA changed from 67 (A) to 41 mm 2 (C) due to the axial loading. In the second patient with DS, the DCSA changed from 52 (B) to 25 mm 2 (D).
2. The Pearson correlation coefficient for the DCSA between the conventional MR imaging and the axial loaded MR imaging in the DS group (r ϭ 0.88) was smaller than that in the SpS group (r ϭ 0.97). The Bland-Altman plot showed the differences in the DCSA between the conventional MR imaging and the axial loaded MR imaging in the DS group to be larger than those in the SpS group (Fig 3) .
There was no statistical difference in the DCSA on the conventional MR imaging between the SpS group (58 Ϯ 29 mm 2 ) and the DS group (51 Ϯ 25 mm 2 ) (P ϭ .270). On the other hand, the axial loaded MR imaging demonstrated a significantly smaller DCSA in the DS group (35 Ϯ 22 mm 2 ) than in the SpS group (50 Ϯ 31 mm 2 ) (P ϭ .009) (Fig 4) . In addition, the change in the DCSA induced by axial loading was significantly larger in the DS group (17 Ϯ 12 mm 2 ) than in the SpS group (8 Ϯ 8 mm 2 ) (P Ͻ .001) (Fig 5) .
Prevalence of a >15-mm 2 Change in the DCSA A Ͼ15-mm 2 change in the DCSA was found in 8 patients (16.7%) in the SpS group and 25 patients (62.5%) in the DS group (Table 3) . The prevalence of a Ͼ15-mm 2 change in the DCSA was significantly higher in the DS group than the SpS group (P Ͻ .001). ) than in those with a Յ15-mm 2 change (56 Ϯ 31 mm 2 ) (P ϭ .043). On the other hand, the conventional MR imaging did not show any statistically significant differences between patients with a Ͼ15-and a Յ15-mm 2 change in the SpS group (P ϭ .672) (Fig 6A) . In the DS group, patients with a Ͼ15-mm 2 change had a significantly larger DCSA on conventional MR imaging (58 Ϯ 26 mm 2 ) than those with a Յ15-mm 2 change (41 Ϯ 18 mm 2 ) (P ϭ .028), while the axial loaded MR imaging showed no significant difference between the patients with a Ͼ15-and a Յ15-mm 2 change in the DCSA (P ϭ .897) (Fig 6B) .
Discussion
Previous studies have shown axial loaded MR imaging to demonstrate a significant reduction of the DCSA and provide valuable imaging findings for the clinical assessment of patients with spinal canal narrowing.
3,4,6,10 DS and SpS commonly cause spinal canal narrowing that induces compression of the nerve roots and cauda equina. [16] [17] [18] However, to date, there has been no study to compare the DCSA in axial loaded MR imaging between patients with DS and SpS. The present study demonstrated that the DCSA in the axial loaded MR imaging was significantly smaller in patients with DS than in those with SpS, though conventional MR imaging did not show any difference between the 2 groups. In addition, the change in the DCSA induced by axial loading was significantly larger in the patients with DS compared with those with SpS. These results indicated that the DCSA in patients with DS is more likely to be decreased by axial loading than in those with SpS. There- fore, the narrowing of the spinal canal in the standing position in patients with DS is likely to be more severe than that of patients with SpS, even if the severity looks similar between the 2 patient groups on conventional MR imaging. The clinical assessment on conventional MR imaging, therefore, has a higher risk of underestimating the severity of spinal canal narrowing in patients with DS than in those with SpS.
Several studies have suggested clinical risk factors for the marked change in the DCSA induced by axial loading. A previous report showed that the L4/5 intervertebral level has a higher prevalence of significant changes in the DCSA compared with the other levels. 4 It has been reported that the progression of disk degeneration that is found in conventional MR imaging increases the risk of a significant reduction in the DCSA induced by axial loading. 40 The intervertebral levels with severe spinal canal narrowing on upright myelography demonstrated more evident reduction in dural sac size on axial loaded MR imaging than those without severe narrowing. 9 The present study showed that the prevalence of a Ͼ15 mm 2 change in the DCSA was significantly higher in the DS group than in the SpS group. In fact, the DS group was 8.33 times more likely to demonstrate a Ͼ15-mm 2 change in the DCSA compared with the SpS group. Therefore, the presence of DS was strongly predictive of a marked change in the DCSA by axial loading during the clinical assessment of spinal canal narrowing.
Many previous studies have indicated a poor correlation between the DCSA measured on conventional MR imaging and the severity of clinical symptoms. 5, 41, 42 These negative data might have resulted from the use of conventional MR imaging, which was unable to determine the actual condition of the spinal canal causing symptoms in patients in the upright position. On the other hand, the DCSA on axial loaded MR imaging demonstrated a significant correlation with the severity of symptoms in patients with spinal canal narrowing.
11 It was also demonstrated that patients with a Ͼ15-mm 2 change in the DCSA on axial loaded MR imaging had more severe symptoms than those with Յ15-mm 2 change. 11 In the present study, the DCSA determined by conventional MR imaging did not differ between patients with a Ͼ15 mm 2 and those with a Յ15-mm 2 change, in the SpS group. Moreover, in the DS group, the conventional MR imaging showed a significantly larger DCSA in patients with a Ͼ15-mm 2 change compared with those with a Յ15-mm 2 change. These results suggest that conventional MR imaging probably failed to detect the crucial imaging findings that indicate a worsening of the clinical symptoms. Axial loaded MR imaging may, therefore, be a valuable tool for detecting important imaging findings that correlate with the clinical symptoms, which conventional MR imaging is unable to identify.
Axial loaded MR imaging has been reported to demonstrate morphologic changes caused by compression of the lumbar spine, including bulging disks, a thickening of the ligamentum flavum, a change in the shape of the dorsal fat pad, and a deformation of the dural sac and the nerve root. 3, 4, 6, 10 Several reports have suggested that the degree of spondylolisthesis in the sagittal image on axial loaded MR imaging is larger than that on conventional MR imaging. 43, 44 The dynamic change in the degree of spondylolisthesis was considered to induce the morphologic change of the dural sac size. 44, 45 In the present study, the change in the DCSA induced by axial loading was significantly larger in patients with DS than in those with SPS. These findings suggest that the dynamic changes of spondylolisthesis during axial loading exacerbated the decrease in the DCSA in patients with DS.
Not only axial loading to the lumbar spine but the extension of the body trunk also induces a reduction of the dural sac size and thus may induce symptoms in patients with spinal canal narrowing. 46, 47 A previous study suggested that spinal extension more effectively reduced the dural sac size than axial loading. 28 On the other hand, axial loading more effectively induced clinical symptoms than the postural change. 48 In addition, the change in the DCSA caused by axial loading significantly correlated with the severity of clinical symptoms. 11 In this study, a reduction of the DCSA induced by axial loading was observed in both the SpS and the DS groups. These data suggest that axial loading can at least partially reduce the DCSA and worsen the clinical symptoms in patients with spinal canal narrowing such as those with SpS and DS.
MR imaging is a noninvasive diagnostic tool and is widely used for the clinical evaluation of spinal canal narrowing. [1] [2] [3] [4] [5] 11, 41, 42 However, conventional MR imaging cannot detect the DCSA in patients in the upright position and has a potential risk of underestimating the severity of spinal canal narrowing. 9 Such a disadvantage of conventional MR imaging makes it difficult to make an accurate diagnosis and makes it impossible to provide precise indications for surgery in patients with spinal canal narrowing. 10, 12, 13 In the present study, the reduction of the DCSA by axial loading was significantly larger in patients with DS than for those with SpS. Additionally, the patients with DS demonstrated a significantly higher prevalence of a Ͼ15-mm 2 change in the DCSA compared with those with SpS. Therefore, to make a more accurate diagnosis and provide an appropriate treatment, axial loaded MR imaging should be used for patients with DS. The axial loaded MR imaging can provide more beneficial and accurate information for the clinical assessment of patients with DS.
Conclusions
The present study showed the change in the DCSA induced by axial loading to be significantly larger in patients with DS than in those with SpS. Furthermore, a significant reduction in the DCSA on the axial loaded MR imaging was more frequently observed in patients with DS compared with those with SpS. Thus, axial loaded MR imaging may be a more useful tool to provide valuable imaging findings for the assessment of spinal canal narrowing in patients with DS than for those with SpS.
